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Ultraviolet-photoemission spectroscopy has been employed to investigate the valence-band electronic struc-
tures of the magnetic alloys Co2MnSn, Cu2MnAl, and Pd2MnSn.The valence band of Co2MnSn extends to
approximately 5 eV below the Fermi level with a high density of states immediately below the Fermi edge.
Cu2MnAl and Pd2MnSn have valence-band widths of 6 and 7 eV, respectively, with the highest density of
states lying some 3 eV below the Fermi level in each case. Photoemission measurements in the region of the
Mn 3p threshold indicate that Mn 3d character extends across the full width of the valence band for all three
alloys. For Pd2MnSn, additional photoemission measurements in the region of the Pd 4d Cooper minimum
confirm this conclusion. Modulations in photocurrent resulting from Mn 3p-to-3d resonances across the
valence band of Co2MnSn are most intense towards the bottom of the band. This is discussed in terms of
possible variations in initial-state hybridization. The experimental photoemission spectra are compared with
calculated spectra derived from theoretical band structures. Although there are some differences in shape, the
bandwidths of the calculated spectra agree very well with the experimental results. @S0163-1829~98!07003-9#I. INTRODUCTION
Although there is a wide and expanding group of interme-
tallic compounds classified as Heusler alloys,1–7 the arche-
typal alloys are those with the general formula X2MnY .1–3
These alloys possess the characteristic L21 crystal structure,
comprising four interpenetrating face-centered-cubic sublat-
tices: two occupied by atoms of element X , one occupied by
Mn atoms, and one occupied by Y atoms. The element X is
usually a first-row transition or noble metal such as Co, Ni,
Cu, Pd, or Pt. Element Y is usually a group-IIIB or -IVB
element such as Al, In, Sn, or Sb. Interest in these alloys
arises from the fact that they are considered to be ideal mod-
els for the investigation of localized magnetic behavior. If X
is nonmagnetic, then the moment of approximately 4mB is
entirely confined to the Mn sublattice.2 For the Co and Ni
alloys, an additional moment is also associated with the X
atom sites.3
For the ordered alloys, the nearest-neighbor separation of
Mn sites is such that there is considered to be negligible
direct overlap of the d wave functions. As a consequence,
the localized magnetic moments have been interpreted in
terms of virtual bound Mn 3d states.8,9 However, more re-
cent band-structure calculations by Ishida et al.,10–12 Will-
iams et al.,13 and Kubler, Williams, and Sommers14 have in-
dicated that the Mn 3d majority spin states form a common
hybridized band with the X d states, while the Mn 3d mi-
nority spin states are mostly unoccupied. The localized mag-
netic behavior, therefore, is explained in terms of exclusion
of minority spin electrons from Mn sites.
Ultraviolet photoemission spectroscopy employing syn-
chrotron radiation has been widely used to probe the elec-
tronic structure of alloys and provides a powerful method for
investigating the validity of band-structure calculations.15 As
the photoionization cross sections for the s and p valence
states are comparatively low, the valence-band photoemis-
sion spectra of Heusler alloys will be dominated by transi-
tions from the Mn and X d states.16 The valence-band spec-570163-1829/98/57~3!/1563~9!/$15.00trum S(hn ,EB) can be described by the expression
S~hn ,EB!5C~hn!@NXsX~hn!DX~EB!
1NMnsMn~hn!DMn~EB!# . ~1!
The excitation energy and initial-state binding energy are
represented by hn and EB , respectively. C(hn) includes fac-
tors to account for the photon flux, escape depth, detector
efficiency, and reflection and refraction of the photon beam
at the sample.17,18 Assuming that variations in escape depth
and detection efficiency with electron kinetic energy are not
significant across the valence band at a given excitation en-
ergy, then this can be considered constant. It will not, there-
fore, affect the shape of the valence-band spectrum. NX and
NMn represent the fractional contribution of d electrons sup-
plied by each element to the density of states ~DOS!. The
variation in the X nd and Mr 3d partial density of states
~PDOS! across the valence band is represented by DX(EB)
and DMn(EB), respectively, and the corresponding photoion-
ization cross sections are sX(hn) and sMn(hn).16 Variations
in cross section across the band are neglected. Equation ~1!
also assumes that, in each case, the partial densities of states
~PDOS’s! DX(EB) and DMn(EB) are normalized so that the
sum across all binding energies is equal to unity.
By utilizing the tunable radiation associated with a syn-
chrotron source, the contribution from Mn 3d derived states
can be further investigated by means of resonant
photoemission19 and Cooper minimum effects.20 At photon
energies across the region of the 3p threshold, photoemis-
sion from a 3d state can occur either directly or via promo-
tion of a p electron to an unoccupied d state followed by
autoionization. The interference of the direct and indirect
processes results in a characteristic modulation in photoemis-
sion intensity from regions of the valence band possessing
Mn 3d character. The line shape is described theoretically by
Fano19 and the modulated photocurrent Imod(hn ,EB) can be
expressed as1563 © 1998 The American Physical Society
1564 57D. BROWN et al.Imod~hn ,EB!5Ir~hn ,EB!F $q~EB!1«~hn ,EB!%211«~hn ,EB!2 G
1Inr~hn ,EB!, ~2a!
where
«~hn ,EB!5
2@hn2hn0~EB!#
G~EB!
. ~2b!
Ir(hn ,EB) and Inr(hn ,EB) represent the photoemission in-
tensities resulting from direct emission of electrons that do
and do not contribute to the resonance, respectively. The
Fano parameters that characterize the modulation are the
resonance energy hn0(EB), the asymmetry parameter
q(EB), and the spectral width G(EB). The shape and inten-
sity of a resonance can be influenced by the degree of initial-
state hybridization21–23 and so a Fano analysis of resonant
line shapes can potentially provide information on the local-
ization of state across the valence band.
For the Heusler alloys containing 4d or 5d metals such as
Pd and Pt, the cancellation of matrix element integrals for
transitions to particular final states produces a characteristic
minimum in the cross section, the so-called Cooper
minimum.20 At excitation energies corresponding to the re-
gion of the Cooper minimum, the relative contributions from
transitions arising from Mn 3d derived states will be consid-
erably enhanced. If the Pd 4d or Pt 5d cross section at the
Cooper minimum can be considered negligible in compari-
son to that for Mn 3d , then sX in Eq. ~1! can be taken as
zero and the spectrum will reflect the shape of the Mn 3d
PDOS.
The aim of the research described in this paper is to uti-
lize the methods outlined above to provide information on
the valence-band electronic structure of the ferromagnetic
Heusler alloys Co2MnSn, Cu2MnAl, and Pd2MnSn. In par-
ticular, the Mn 3p-to-3d resonance and Pd 4d Cooper mini-
mum will be employed to investigate the PDOS for the Mn
3d band since it is the Mn sites that carry most of the mo-
ment in Co2MnSn and all of the moment for Cu2MnAl and
Pd2MnSn. The results will be discussed in the context of
earlier photoemission studies of Heusler alloys and available
band-structure calculations.
II. EXPERIMENTAL DETAILS
The alloy specimens were prepared by repeatedly melting
the appropriate quantities of the high-purity constituent ele-
ments in an argon arc furnace. The samples were then an-
nealed in evacuated quartz ampoules at 1073 K for 48 h and
quench cooled to produce an ordered Heusler L21 structure.
Specimens were cut to shape using spark erosion and the
front face of each sample was polished, initially with SiC
and then with successive grades of diamond paste to a final
finish of 1 mm. Alloys were mounted on a stainless-steel
sample holder and the assembly was cleaned by immersion
in degreasing solvents.
Photoemission measurements were performed under con-
ditions of ultrahigh vacuum on stations 6.1 ~Ref. 24! and 6.2
~Ref. 25! at the Daresbury synchrotron radiation source.
Samples were cleaned in situ by scraping the surface with a
diamond file mounted on a wobble stick, ensuring that thepolished layer was completely removed. The elemental com-
position of the surface was investigated by Auger electron
spectroscopy before and after scraping. An angle-integrated,
double-pass cylindrical mirror analyzer was employed with a
pass energy of 10 eV to detect and energy sort the emitted
electrons. The detector was aligned at 90° to the incoming
photon beam. Photon flux was monitored by measuring the
drain current from a tungsten mesh and all photoemission
spectra were normalized to this flux.
Photoelectron spectra of the valence-band region of each
alloy were obtained in two different modes. Electron energy
distribution curves ~EDC’s! were obtained by detecting a
range of electron kinetic energies at constant photon energy.
Binding energies were then referenced to the Fermi level
(EF), which was arbitrarily assigned a value of zero. The
inelastic contribution was removed from each valence-band
spectrum using a Shirley algorithm with three iterations.26
The experimental resolution in the photon energy range
40–70 eV was estimated by fitting a Fermi-Dirac distribution
convoluted with Gaussians of varying half-width at half
maximum ~HWHM! to the Fermi edge of the spectra. A
reasonable fit was obtained for a Gaussian of 0.2 eV
HWHM. Constant initial-state ~CIS! spectra were obtained
by allowing the photon energy and electron kinetic energy to
vary synchronously such that hn2EK remained constant.
This allowed the photon-energy-dependent photoemission
intensity of initial states to be investigated. In order to re-
move the inelastic contribution, a series of EDC’s were ob-
tained in 0.5-eV photon energy increments across the exci-
tation energy range of the CIS spectra. Each EDC was
normalized such that the photoemission intensity at a given
binding energy was consistent with the appropriate CIS spec-
trum and the inelastic contribution calculated using a Shirley
procedure. A smooth inelastic background was then fitted to
the data from the EDC’s using a fourth-order polynomial and
subtracted from the flux normalized CIS spectrum.
III. RESULTS AND DISCUSSION
Auger electron spectra were obtained with the samples at
normal incidence to the analyzer and employing a primary
beam voltage of 3 kV and a modulation of 3 eV peak to
peak. The as-loaded samples showed heavy contamination of
the surface by carbonaceous deposits with traces of O, S, and
Cl also present. The spectra of the scraped alloys, however,
showed Auger peaks characteristic of the constituent metals.
A residual C peak was observed in the spectrum of the
scraped Co and Cu alloys, but a correspondingly small C
peak in the spectrum of the Pd alloy may be masked by the
overlapping Pd Auger peaks. All the alloys retained traces of
S and Cl on the surface even after vigorous scraping. It
would seem likely, therefore, that this contamination arises
from the segregation of bulk impurities. Quantification was
performed by measurement of peak to peak heights for the
LMM transitions of Mn, Co, and Cu at 589, 775, and 920 eV,
respectively, the MNN transitions of Pd and Sn at 326 and
430 eV, respectively, and the KLL transition of Al at 1396
eV. After correction using literature values for the relative
sensitivity factors,27 the surface stoichiometry was found to
be consistent with the nominal bulk composition within the
limits of the associated uncertainties.
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from different regions of each alloy and at different takeoff
angles. However, no discernible differences in spectral shape
were observed and all reported spectra were obtained from
the center of the sample face at a takeoff angle of 45°. Rep-
resentative EDC’s for each scraped alloy are shown in Fig. 1.
Photon energies were selected to minimize the effect of dif-
ferences in cross section between the X and Mn d states on
the spectral shape. The spectra for Co2MnSn and Cu2MnAl
were obtained at a photon energy of 40 eV and the corre-
sponding spectrum for Pd2MnSn was obtained at 70 eV. As
can be seen from Fig. 1~a!, the valence band of Co2MnSn has
a bandwidth of 4–5 eV and is characterized by a high density
of states immediately below EF . This contrasts with the
valence-band spectra of Cu2MnAl and Pd2MnSn shown in
Figs. 1~b! and 1~c!, respectively, which reveal the highest
occupied density of states to lie approximately 3 eV below
EF , with only a relatively small shoulder extending to the
Fermi edge. The bandwidths of the Cu and Pd alloys are also
significantly larger, extending 6 and 7 eV below EF , respec-
tively. Comparing these results with earlier photoemission
measurements on Heusler alloys, it is apparent that the shape
of the valence band of Co2MnSn is very similar to that of
Ni2MnSb,28 while the valence band of Pd2MnSn resembles
that of Pd2TiSn.29 The spectrum obtained for Cu2MnAl has
been reported in an earlier paper30 and is very similar to that
obtained in a separate photoemission study using a
He I (21.2 eV) source.31
Investigating each alloy in more detail, the Co containing
sample will be considered first. Figure 2~a! shows the PDOS
for the 3d bands of Co2MnSn adapted from the symmetrized
augmented-plane-wave ~SAPW! calculations of Ishida
et al.11 To facilitate comparison between experiment and
FIG. 1. Electron energy distribution curves for the valence-band
region of ~a! Co2MnSn, ~b! Cu2MnAl, and ~c! Pd2MnSn. Spectra
for the Co and Cu alloys were obtained at an excitation energy of
40 eV in each case. The spectrum for Pd2MnSn was obtained at an
excitation energy of 70 eV. Spectra have been flux normalized and
the inelastic contribution removed by means of a Shirley algorithm
~Ref. 26!.theory, the bands have been convoluted to model intrinsic
and extrinsic broadening. To model lifetime effects, the
bands were convoluted with Lorentzians of HWHM varying
in proportion with the square of the binding energy from
zero at EF to 0.6 eV at the bottom of the band.30 The data
were then further convoluted with a Gaussian function of
width corresponding to the estimated experimental resolu-
tion. The convoluted PDOS were then normalized so that the
area under each curve corresponded to the fractional contri-
bution of d electrons supplied by Co and Mn to the valence
band. The electronic configurations were taken to be 3d84s1
for Co and 3d64s1 for Mn.11 Figure 2~b! shows a compari-
son of an experimental photoemission spectrum obtained at a
photon energy of 40 eV with a spectrum calculated from the
FIG. 2. ~a! Partial density of states for the Co and Mn 3d bands
in Co2MnSn based on the symmetrized augmented-plane-wave cal-
culations of Ishida et al. ~Ref. 11! ~reproduced with permission!.
The data have been convoluted to model the effects of intrinsic and
extrinsic broadening as described in the text. ~b! Comparison of an
experimental valence-band spectrum for Co2MnSn obtained at an
excitation energy of 40 eV with a spectrum derived from the con-
voluted partial density of states of ~a! and the corresponding calcu-
lated cross sections ~Ref. 16!.
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ing photoionization cross sections were obtained from the
calculations of Yeh and Lindau.16 The calculated and experi-
mental spectra have been arbitrarily normalized so that the
area under each curve is identical. Although Eq. ~1! does not
take into account solid-state effects on the cross sections or
self-energy effects, there is reasonable agreement between
the experimental and calculated curves in terms of the width
and shape of the valence band. The calculated spectrum ex-
hibits three distinct peaks, the most intense at a binding en-
ergy of 0.9 eV and peaks of lesser intensity at 1.8 and 2.8
eV. As can be seen from Fig. 2~a!, the peaks at 0.9 and 2.8
eV comprise transitions from degenerate Co and Mn d states,
while the peak at 1.8 eV comprises mainly contributions
from states with Co 3d character. The experimental spec-
trum shows an intense peak with a maximum immediately
below EF and a very weak shoulder at approximately 2.6 eV.
Although the predicted peaks at 1.8 and 2.8 eV in the calcu-
lated spectrum are not clearly reproduced in the experimental
spectrum, the agreement with theory is reasonable if broad-
ening effects at higher binding energies have been underes-
timated.
To investigate the contribution of electron states possess-
ing significant Mn 3d character to the valence band of
Co2MnSn, CIS spectra were recorded at selected binding
energies across the excitation energy range of the Mn 3p
threshold.32 The inelastic contribution was removed as de-
scribed in Sec. II and the resulting spectra are shown in Fig.
3. The spectra have been displaced along the ordinate for
clarity and the corresponding initial-state binding energies
are indicated alongside each curve. Modulations in photocur-
rent are present at all binding energies, with a maximum at
approximately 50 eV. Similar modulations have been ob-
served in the CIS spectra of Ni2MnSb ~Ref. 28! and attrib-
uted to Mn 3p-to-3d resonances. The fact that resonant line
shapes are observed in all the CIS spectra indicates that Mn
FIG. 3. Constant initial-state spectra for Co2MnSn in the region
of the Mn 3p threshold. The inelastic contribution was removed in
each case as described in the text and the spectra have been arbi-
trarily displaced along the ordinate for clarity. The corresponding
initial-state binding energy is indicated adjacent to each curve.3d character extends across the full width of the valence
band. This is in qualitative agreement with the calculated Mn
3d PDOS of Fig. 2~a!. However, it would appear that the
intensity of the modulation is enhanced towards the bottom
of the band. Figure 4~a! shows the variation in modulation
across the valence band more clearly. EDC’s were obtained
at the resonance maximum ~50 eV! and immediately below it
~47 eV!. In this figure the total intensity of the spectra is not
as important as the variation in spectral shape with photon
energy. Consequently, the spectra were arbitrarily normal-
ized such that the intensity of the peak just below EF was the
same in each case. The difference in shape of the two spectra
can be seen quite clearly, with states in the bottom half of the
band exhibiting a much stronger resonant signature than
those closer to EF . Figure 4~b! is a crude attempt to simulate
FIG. 4. ~a! Spectra obtained on ~50 eV! and off ~47 eV! the Mn
3p-to-3d resonance for Co2MnSn. Spectra have been arbitrarily
normalized to aid comparison of the change in spectral shape. ~b!
Comparison of the on-resonance spectrum for Co2MnSn with a
simulated spectrum. The simulation was obtained by adding the Mn
3d partial density of states of Fig. 2~a! to the off-resonance spec-
trum and scaling to match the photoemission intensity of the experi-
mental spectrum at a binding energy of 2.6 eV.
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Fig. 2~a! to the off-resonance spectrum and scaling to match
the intensity of the experimental on-resonance spectrum at
the bottom of the band. This is an identical procedure to that
used by other workers.28 The simulation will only provide
good agreement with experiment if the calculated PDOS is
correct and all Mn 3d states modulate uniformly. However,
the contributions from states at lower binding energies are
oversampled in the simulation, suggesting that the SAPW
calculations overestimate the contribution from Mn 3d de-
rived states in the upper part of the band or that the resonant
enhancement is correspondingly reduced.
It is possible that differences in resonant intensity could
be explained in terms of changes in localization of the Mn d
states across the valence band. A similar trend was observed
for Ni2MnSb by Robey, Hudson, and Kurtz.28 Relatively
strong resonant features were associated with weakly hybrid-
ized states. In the limit of no hybridization, resonances asso-
ciated with Mn 3d derived states were assumed to be char-
acterized by q values in the range 2.2–2.5, close to those
obtained for atomic Mn.33 Weaker resonances, associated
with more strongly hybridized states, were found to have q
values significantly lower than those for the atomic case. To
investigate this aspect further, a Fano analysis was per-
formed on the resonant line shapes of Fig. 3. A nonresonant
background was modeled using data from regions of the
spectrum on either side of the resonance and Eqs. ~2a! and
~2b! were used to establish the corresponding Fano param-
eters. The results are listed in Table I. Backgrounds were
modeled in two ways. A fourth-order polynomial was used
and also a linear dependence on photon energy was assumed
across the region of the modulation. The Fano parameters
obtained in the latter case are shown in parentheses and the
difference between the two sets of figures provides some
indication of experimental uncertainty. Although the abso-
lute values obtained will depend on variations in the removal
of the inelastic contribution and on the details of the fitting
procedure, general trends can be considered. The resonance
energy hn0 is approximately the same in all cases and is in
very good agreement with the values obtained for a similar
Fano analysis of the Mn 3p-to-3d resonance in Ni2MnSb.
The asymmetry parameter q increases from a value of 1.7–
1.9 close to the Fermi edge to a value of 2.3–2.8 at the
bottom of the band. The value of q obtained at 2.6 eV bind-
ing energy is comparable with that obtained for atomic Mn.33
A possible explanation, therefore, for the change in q is that
the Mn 3d states at the bottom of the band are more local-
ized in nature than those states closer to EF . However, other
factors apart from the degree of hybridization, such as the
presence of multielectron resonant satellites, may affect the
valence-band resonance.34,35 In addition, overlapping inten-
sity variations due to the appearance of MVV Auger transi-
tions may contribute at the bottom of the band.28 Neverthe-
less, the trend in the resonant photoemission results for
Co2MnSn is analogous to that obtained for Ni2MnSb, al-
though for the Ni alloy, q values as low as 0.5 were obtained
for resonances arising from initial states immediately below
the Fermi edge.
For the case of the Cu2MnAl alloy, energy-band calcula-
tions have been performed by Ishida et al. employing the
same SAPW method utilized in the calculations forCo2MnSn. The electronic configurations were taken as
3d104s1 for Cu, 3d64s1 for Mn, and 3s23p1 for Al.10 The
resulting theoretically derived PDOS’s were convoluted and
normalized using the same procedure as that outlined for
Co2MnSn. Figure 5 shows a spectrum calculated from Eq.
~1! for a photon energy of 40 eV using the theoretical PDOS.
At this photon energy sCu /sMn will be equal to 1.2.16 Varia-
tions in cross section across the valence band and self-energy
effects have not been considered in the calculation. This cal-
culated spectrum is compared with an experimental photo-
emission spectrum obtained at a photon energy of 40 eV.
The inelastic background has been removed from the experi-
mental spectrum using a Shirley algorithm and the spectra
have been normalized so that the area under the curves is the
same in each case. The calculated and experimental spectra
provide good agreement in terms of the width of the valence
band. In addition, a peak at approximately 3 eV binding
energy is observed in both spectra. According to the calcu-
lations of Ishida et al., this feature will be dominated by
transitions from the filled Cu 3d band. However, the calcu-
lated and experimental spectra differ markedly in the region
1–2 eV below the Fermi edge. In this region, the calculated
spectrum exhibits a second major peak with a maximum at
about 1.5 eV binding energy. According to the calculated
PDOS, this feature will comprise transitions from both the
Cu and Mn 3d bands. In the latter case, the largest contribu-
tion to the density of states is located in this region. A very
weak maximum at a binding energy of 1.2 eV has been re-
ported for the photoemission spectrum obtained with a He I
source and attributed to the Mn 3d band.31 However, in con-
trast, no evidence has been found for the existence of a com-
parable feature in the photoemission spectra obtained in this
study.
To further investigate the distribution of Mn 3d derived
states throughout the valence band of the Cu alloy, CIS mea-
surements were obtained across the region of the Mn 3p
threshold. As for Co2MnSn, modulations in photocurrent
were observed characteristic of a 3p-to-3d resonance. Un-
like Co2MnSn, the intensities of the resonant line shapes did
not show any clear variation across the valence band. This
fact was confirmed by comparing a background subtracted
spectrum obtained off resonance ~47 eV! with a spectrum
obtained on resonance ~50 eV!. After arbitrary normaliza-
tion, the spectra showed very little change in shape. This
would tend to suggest that the Mn states are more uniformly
distributed across the valence band than the SAPW calcula-
tions would suggest, since no correspondingly strong reso-
TABLE I. Fano analysis of the Mn 3p-to-3d resonant line
shapes for Co2MnSn. The nonresonant background has been mod-
eled using a polynomial of fourth order in hn and also assuming a
linear dependence on hn across the region of the 3p threshold.
Fano parameters obtained from the latter fitting procedure are
shown in parentheses.
Fano
parameters
Binding energy ~eV!
0.5 1.5 2.6
hn0 ~eV! 49.6 ~49.5! 49.7 ~49.6! 49.7 ~49.7!
q 1.9 ~1.7! 2.3 ~1.8! 2.8 ~2.3!
G ~eV! 1.8 ~1.7! 1.9 ~1.7! 1.6 ~2.0!
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A Fano analysis of a typical line shape for Cu2MnAl is
shown in Fig. 6. The data points represent the photoemission
intensity obtained after removal of the inelastic background.
Fano profiles were obtained by modeling the nonresonant
background using quartic ~solid curve! and linear ~dashed
curve! polynomials. The asymmetry parameter q obtained
assuming a linear background differs by 30% from that ob-
tained by modeling the background with a higher-order poly-
nomial. The range of the extracted q values ~1.4–2.0! is
comparable to the lower range of values obtained for
Co2MnSn ~1.7–1.9!.
Considering the Pd alloy in more detail, Fig. 7~a! shows a
valence-band photoemission spectrum obtained at a photon
energy of 130 eV. A comparison with Fig. 1~c! reveals a
distinct change in spectral shape from the spectrum obtained
at 70 eV. The main spectral peak is shifted from a binding
energy of 2.9 eV in the 70-eV spectrum to 2.5 eV at 130 eV
and is significantly narrower. In addition, a shoulder emerges
at 4.4 eV that is not discernible in the lower-excitation-
energy spectrum. A spectrum obtained at 180 eV, however,
possesses a similar shape to that obtained at 70 eV. Assum-
ing that differences in sampling depth across this range of
excitation energies are not significant and that the cross sec-
tions of the Mn d states show a monotonic decrease over the
same range, the most likely explanation for the change in
spectral shape is a variation in the relative contribution from
Pd 4d derived states on passing through the Cooper
minimum.20 If it is assumed that sPd~130 eV!50,36 then Fig.
7~a! will reflect the shape of the PDOS for the Mn 3d band
in Pd2MnSn. Similar trends in spectral shape have been ob-
served for the related Clb alloy PdMnSb.37 In particular, the
spectra obtained at photon energies of 70 and 120 eV were
similar in shape to Figs. 1~c! and 7~a!, respectively. Figure
7~b! shows the calculated Mn 3d band for Pd2MnSn based
on the augmented-spherical-wave14 ~ASW! and SAPW
FIG. 5. Comparison of the background subtracted valence-band
spectrum for Cu2MnAl obtained at a photon energy of 40 eV with a
spectrum calculated using Eq. ~1! and the symmetrized augmented-
plane-wave calculations of Ishida et al. ~Ref. 10!. The theoretical
partial densities of states were convoluted using a procedure iden-
tical to that adopted for Co2MnSn and corresponding cross sections
were taken from the calculated values of Yeh and Lindau ~Ref. 16!.methods.12 The theoretical data have been convoluted using
the same procedure as described for Co2MnSn and normal-
ized such that the area under each curve is identical. The Mn
3d band calculated by the ASW method is in reasonable
agreement with the overall shape of the experimental spec-
trum of Fig. 7~a!. However, the sharp peak in the calculated
PDOS is shifted closer to EF compared to the empirical
PDOS. The SAPW calculation predicts two main peaks in
the PDOS at 2.5 and 4.1 eV, in close agreement with the
position, although not the relative intensity, of the peak and
shoulder in the spectrum of Fig. 7~a!. The bandwidth pre-
dicted by the SAPW method is of the order of 7 eV, also in
good agreement with the experimental result. However, the
comparisons discussed above are only valid if the spectrum
at 130 eV is truly representative of the Mn 3d PDOS. This is
based on the simplified assumption that all Pd 4d states have
a negligible contribution at the Cooper minimum. This will
not necessarily be the case since the Pd 4d states form a
band and solid-state effects may be important.17,38,39 It is
known that bonding and antibonding states in Pd metal ex-
hibit differences in photon-dependent emission intensity,
particularly at the Cooper minimum.17 If this is also the case
for Pd alloys such as Pd2MnSn, then the antibonding states
close to EF may exhibit a more pronounced atomiclike Coo-
per minimum than bonding states well below EF . Initial-
state hybridization also affects the magnitude of the Cooper
minimum.17,38,39 If, as is suggested by theory, the Pd 4d and
Mn 3d states form a strongly hybridized, delocalized band,
FIG. 6. Constant initial-state spectrum for Cu2MnAl obtained at
a binding energy of 0.4 eV in the region of the Mn 3p-to-3d reso-
nance. Data points represent the photoemission intensity obtained
following subtraction of the inelastic background. The curves are
Fano line shapes obtained by different fitting procedures. The solid
curve was obtained by modeling the nonresonant background with a
fourth-order polynomial. The dashed curve was obtained by assum-
ing the nonresonant background to have a linear dependence on
photon energy across the region of the resonance. Associated Fano
parameters for each curve are indicated in the figure, with the val-
ues for the latter fitting procedure shown in parentheses.
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reduced from that of the atomic case due to a reduction in 4d
character. Such changes have been shown to produce orders
of magnitude differences in the Cooper minimum.
Since the EDC obtained at the Pd 4d Cooper minimum
does not necessarily convey unambiguous information on the
Mn PDOS, CIS spectra were also obtained in the region of
the Mn 3p-to-3d resonance. The inelastic contribution was
removed as described previously and the results are shown in
Fig. 8. It can be seen that modulations in photocurrent are
observed at all the binding energies investigated, confirming
the presence of Mn 3d derived states across the full width of
the valence band. This result is consistent with the assumed
PDOS of Fig. 7~a!. The relatively weak resonant effect at 0.5
eV binding energy may reflect a reduced contribution from
Mn 3d derived states in the region close to the Fermi edge
compared to higher binding energies. This would also be
consistent with the assumed shape of the Mn 3d PDOS from
Fig. 7~a!. Alternatively, however, the weak resonance may
be due to strong hybridization of Mn 3d states close to EF .
A comparison of spectral shape for EDC’s obtained at pho-
ton energies of 47 and 50 eV did not reveal any clear
FIG. 7. ~a! Electron energy distribution curve for Pd2MnSn ob-
tained at a photon energy corresponding to the Cooper minimum for
Pd 4d photoemission ~130 eV!. ~b! Calculations of the Mn 3d
partial density of states for Pd2MnSn based on the augmented-
spherical-wave ~dashed curve! and symmetrized augmented-plane-
wave ~solid curve! methods. The convoluted partial densities of
states have been adapted from Kubler, Williams, and Sommers
~Ref. 14! and Ishida et al. ~Ref. 12!, respectively, and are repro-
duced with permission.changes on resonance. Although the Co alloy shows a
marked change, the cross section of the Co 3d states is com-
parable to that of Mn 3d states for photon energies corre-
sponding to the region of the Mn 3p threshold. In the case of
the Pd alloy, the Pd 4d cross section is far superior to that for
the Mn 3d states. As a result, any changes in spectral shape
induced by modulations in photocurrent from Mn d states
may be masked since the spectra will be dominated by tran-
sitions from the nonresonating Pd 4d band.
To provide more quantitative information on the resonant
line shapes at 2.5 and 4.4 eV for Pd2MnSn, a Fano analysis
was performed employing the same procedures as those out-
lined for Co2MnSn. The results are given in Table II. The
resonance energies are very similar to those obtained for the
Co alloy. Although the q values for the Pd alloy exhibit a
modest variation with initial-state binding energy, they also
appear to show significant variation from the corresponding
atomic case. The absolute values of the asymmetry param-
eters must be interpreted with some caution for reasons al-
ready discussed. Nevertheless, the fact that none of the line
shapes is characteristic of an atomiclike resonance suggests
FIG. 8. Constant initial-state spectra obtained across the region
of the Mn 3p threshold for Pd2MnSn. The inelastic contribution has
been removed and the spectra have been displaced along the ordi-
nate. Binding energies are indicated alongside the curves.
TABLE II. Fano analysis of the Mn 3p-to-3d resonant line
shapes for Pd2MnSn. The nonresonant background has been mod-
eled using a polynomial of fourth order in hn and also assuming a
linear dependence on hn across the region of the 3p threshold.
Fano parameters obtained from the latter fitting procedure are
shown in parentheses.
Fano
parameters
Binding energy ~eV!
2.5 4.4
hn0 ~eV! 49.5 ~49.2! 49.6 ~49.4!
q 0.6 ~0.4! 1.0 ~0.7!
G ~eV! 1.3 ~1.8! 1.2 ~1.4!
1570 57D. BROWN et al.that the Mn d states in the Pd alloy may be generally less
localized in nature than those of the Co alloy.
Figures 9~a! and 9~b! show an experimental spectrum for
Pd2MnSn at a photon energy of 80 eV ~closed circles! with a
spectrum calculated from the theoretical PDOS based on the
ASW ~Ref. 14! and SAPW ~Ref. 12! methods, respectively
~solid curves!. The electronic configurations of Pd and Mn
were taken to be 4d10 and 3d64s1, respectively12 and photo-
ionization cross sections were obtained from the calculated
values of Yeh and Lindau.16 The experimental and calculated
spectra have been normalized so that the area under the
curves is the same in each case. As for Co2MnSn and
Cu2MnAl, the calculations do not take into account solid-
state effects on the photoionization cross sections or self-
energy effects. The ASW calculation predicts a DOS with
two peaks at 2.0 and 3.3 eV. The latter peak comprises
mainly contributions from the Pd d states, while the former
peak comprises a substantial contribution from the Mn d
states. A comparison with the experimental spectrum sug-
gests that, as was found to be the case for SAPW calculations
on Cu2MnAl, the contribution from Mn states in the region
1–2 eV below EF is overestimated. The SAPW calculation
predicts a DOS with two main peaks at 2.5 and 4.1 eV and a
FIG. 9. Comparison of an experimental photoemission spectrum
for Pd2MnSn obtained at a photon energy of 80 eV with spectra
simulated from Eq. ~1! and the convoluted partial densities of states
calculated by ~a! augmented-spherical-wave ~Ref. 14! and ~b! sym-
metrized augmented-plane-wave ~Ref. 12! methods. For each fig-
ure, the experimental spectrum is denoted by closed circles and the
calculation is denoted by a solid curve.smaller peak immediately below EF . The shape of the
valence-band spectrum is closely reproduced, particularly if
broadening effects have been underestimated. In summary,
there are some differences in quantitative detail, but the
ASW and SAPW calculations appear to provide reasonable
agreement with the experimental valence-band spectrum in
terms of the total bandwidth.
IV. CONCLUSIONS
Ultraviolet photoemission has been employed as an ex-
perimental probe of the valence-band structure of the ferro-
magnetic Heusler alloys Co2MnSn, Cu2MnAl, and
Pd2MnSn. The valence-band spectra of Co2MnSn indicate a
high density of states immediately below EF . The corre-
sponding spectra for Cu2MnAl and Pd2MnSn indicate a high
density of states approximately 3 eV below EF . Photoemis-
sion spectra have been compared with simulated spectra de-
rived from SAPW ~Refs. 10–12! and ASW ~Ref. 14! calcu-
lations. The experimental spectra will reflect the DOS near
the surface of the alloys due to the limited escape depth of
the emitted photoelectrons.40 This may not necessarily be
representative of the bulk DOS. In addition, lifetime broad-
ening and solid-state effects are difficult to account for reli-
ably. Despite these limitations, experiment and theory are in
reasonable agreement. The ASW calculation appears to over-
estimate the density of states at binding energies between 1
and 2 eV below EF for Pd2MnSn, as does the SAPW calcu-
lation for Cu2MnAl. However, the SAPW calculation repro-
duces the shape of the experimental spectra quite well for
both the Co and Pd alloys. Both methods appear to accu-
rately reproduce the bandwidths.
Cooper minimum and resonant photoemission measure-
ments indicate that Mn 3d character extends across the entire
width of the valence band for all the alloys investigated. This
is consistent with the idea of completely overlapping, hybrid-
ized d states.10–14 However, the intensity of the resonant
modulation is not uniform in the case of Co2MnSn, suggest-
ing the possibility of changes in initial-state hybridization
across the valence band. States towards the bottom of the
band appear to be more localized in nature than those closer
to EF and possess Fano line shapes that are characteristic of
an atomiclike resonance. These trends in resonant behavior
are very similar to those observed for the crystal-field split
Mn d band in Ni2MnSb.28 The t2g states close to EF exhib-
ited only weak resonant behavior, while the eg states at
higher binding energies exhibited a much stronger resonance
effect. In contrast to Co2MnSn, the EDC spectra of
Cu2MnAl and Pd2MnSn do not show a clear variation in
spectral shape on and off resonance. Fano analysis of the
corresponding resonant line shapes in the CIS spectra indi-
cates significant variation in the q values from those ex-
pected in the limit of no hybridization. This difference in
resonant behavior may be explained by changes in the X Mn
d-band hybridization. For the case of the Cu and Pd alloys,
the Mn d states may be more strongly hybridized with de-
generate states from the filled band of the element X . For
Co2MnSn, the partially filled Co d band appears to have a
high density of states immediately below the Fermi edge and
may exhibit a reduced contribution towards the bottom of the
band. It has been suggested that a similar reduction in the Ni
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of Mn 3d states at the bottom of the band in Ni2MnSb.28
To determine the occupancy of the Mn 3d minority spin
states, spin-resolved photoemission would need to be
employed.41 If the minority spin electrons are completely
excluded from Mn sites in Pd2MnSn and the contribution
from Pd states can be considered negligible at the Cooper
minimum, then polarizations close to unity would be ob-
served across the valence-band spectrum at 130 eV. How-
ever, such measurements would be problematic due to the
subambient Curie temperature2 and the difficulties of in situreversable magnetization of the sample.
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